Malaysia is among the countries with the highest fish consumption in the world and relies on seafood as a main source of animal protein. Thus, the radioactivity in the mostly consumed marine animals such as fishes, crustaceans and molluscs collected from the coastal waters around Peninsular Malaysia has been determined to monitor the level of human exposure by natural radiation via seafood consumption. 
INTRODUCTION
Besides the presence of natural radioactivity that permeates every compartment of the universe at varying concentrations, human activities such as the release of radioactive wastes from extractive industries, combustion of fossil fuel, production of radionuclides for medical and industrial applications, offshore oil and gas exploration, operation of power plants, and nuclear accident enhance/cumulate the level of radioactivity in marine environment, hence shows increasing concern to monitor the radionuclide contents in marine materials. Studies of naturally occurring radioisotopes of uranium and thorium decay series and primordial potassium in aquatic environment provide information on the environmental pollutants in water bodies, whereas marine animals (due to the possible radionuclide transfer) provide an easy assimilation of radiation exposure into human body following their consumption (1) . Moreover, marine organisms such as filter feeders and piscivorous have the capacity of bioaccumulating more radionuclides and toxic elements from water (2) due to the physical and chemical nature of their body surfaces and feeding habit in their natural habitat (3) , and thus, the determination of radioactivity in the bottom sea and estuaries marine animals assumes greater importance.
A detailed review of literature (4 -8) reveals that there is still paucity of data on radionuclide contents in marine materials of Malaysia for adequate radiological assessment to the coastal population. To this end, the study has been conducted to investigate the level of natural radionuclides ( 226 Ra, 228 Ra and 40 K) in mostly consumed marine fishes and shell fishes due to their importance as sources of high-quality protein.
The annual effective dose due to intake of radioactivity has been estimated for radiological risk assessment to ensure safer consumption of seafood and other activities related to the use of marine environment. This study is expected to compliment to the earlier studies on seafood and gives more insights about the nature of marine ecosystem in the country and development of environmental regulatory frameworks.
SAMPLING AND SAMPLE PREPARATION
Fresh samples of fish (Dasyatidae, Formio niger and Rastrelliger), molluscs (Perna viridis and Teuthida) and crustaceans (Caridea) were collected from both the west and east coasts of Peninsular Malaysia. The choice of these two study areas is due to their biodiversity and massive fish farming practices. The two coastal areas alone have a total of 59 fish-landing districts out of 68 landing districts in the country and hence, representing major seafood supply areas to Peninsular Malaysia (9) . o E) laid in the east coast facing out to the South China Sea, and these are well known for several offshore activities such as petrochemical and metal processing industries. The collected samples were cleaned and thoroughly washed with distilled water to ensure the surfaces were free of dirt and any form of organic matter. Apart from the fish samples that were just chopped into smaller sizes for easy grinding before drying, the molluscs and crustaceans were processed and dried following the procedures described elsewhere (7) . Meanwhile, 4 samples were obtained from each of the investigated marine life, totalling 24 samples in all with masses varying between 93 and 460 g. The samples were then weighed and packed into Marinelli beakers and stored at room temperature for at least 4 weeks before analysis.
Measurement of radioactivity
The samples' radioactivity was determined using a p-type, coaxial, HPGe g-ray spectrometer (ORTEC; GEM-25P; Serial No. 46-TP22121A; 57.5 mm crystal diameter and 51.5 mm thickness; operating voltage: þ 2800 V) with an efficiency of 28.2 %. The energy resolution of the detector was 1.67 keV full width at half maximum at the 1. The determination of minimum detectable activity concentration (MDC) and estimation of uncertainties were similar to our previous report (7) . The number of samples in parentheses.
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regardless of the prey species, e.g. macroplankton, larvae of fish, and copepods, and habitats), physiological behaviour and the radionuclide distribution within the marine compartments (1) . Table 2 shows that present results of 226 Ra are similar with those previously reported from the same locations (8) and from the Indian coastal waters (10, 11) but less than the results from Nigeria (3) and Aleutian Islands (1) . On the other hand, the mean activity of the 226 Ra in molluscs (Perna viridis), molluscs (Teuthida) and crustacean (Caridea) are 0.67 + 0.19, 1.11 + 1.10 and 0.99 + 0.39 Bq kg 21 , respectively. These results again show that 226 Ra is evenly distributed in the water medium and available at every compartment of the aquatic ecosystem in such a way that the differential feeding pattern, physico-chemical natures and morphological appearance (size and length) of these bivalve molluscs and crustaceans significantly cause no meaningful disparity in the accumulation of this radionuclide. In the same vein, there is no difference in the accumulation of this radionuclide between the fin fishes and shell fishes despite their differential habitats and trophic levels within the food web. As shown in Table 2 , the present results are significantly differing to the activities of 226 Ra in molluscs and crustaceans available in the earlier studies in Malaysia (7) , Nigeria (3) and Bangladesh (12) but show similar activities as reported in other references (8, 13, 14) . The mean activity of 228 Ra in fishes ranged from 0.49 + 0.23 Bq kg 21 (Rastrelliger) to 0.77 + 0.41 Bq kg 21 (Formio niger), which is relatively lower than the 226 Ra in fishes. This result supports the nature of solubility of uranium and non-solubility of thorium in water (7) . The results are similar to the previous study conducted on different fishes within the same study locations (8) . However, regardless of fish species and study locations, no significant differences were seen for 228 Ra activity in the literature (Table 2 ) except for the Kerala region, India (15) . On the other hand, the mean activity of 228 Ra in the bivalve molluscs and crustaceans ranged from 0.19 + 0.11 Bq kg 21 (Teuthida) to 0.82 + 0.67 Bq kg 21 (Caridea). The highest activity of 228 Ra is obtained in Caridea from Pantai Remis. Note that this area is known as the hub of economic activities including the major seaport in Peninsular Malaysia. Apart from this, the fact that the whole parts of this crustacean (Caridea) were involved in the analysis could probably be responsible for the relatively high activity of 228 Ra in Caridea species. Because the Caridean shrimp are known for 
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their benthic lifestyle, especially when avoiding the predators, they tend to burrow down in the bottom sea sediments and rocks, filtering on organic particles and algae along with tiny fishes and planktons, which may lead to increase in uptake level of this radionuclide as noticed in this study. However, the obtained activity of 228 Ra shows relatively lower value compared with the previous results from this area (7, 8) , and consistent with the reported data in Ref. (13) .
In contrast, 40 K was detected in appreciable amount in all the samples analysed. This is expected since this radionuclide is widely dispersed in marine environment and responsible for the metabolism activities of the organisms inhabiting in this environment (13) . (8) but significantly lower values in mollusc and crustaceans for the same locations, which is 197 + 10 and 261 + 13 Bq kg 21 , respectively (7) . A brief survey of literature shows a heterogeneous distribution of 40 K in different regions: a relatively lower mean activity of 40 K was reported in fish collected from the water near Vizag, India (16) , a similar value in the soft tissue of different mussel from Bangladesh (12) and significantly higher concentrations in fish, crustaceans and mollusc from coastal waters around oil producing areas in Nigeria (3) , India (10, 11) , Turkey (13) , Golden Horn and Bosphorus (14) , Northern Italy (17) and North Atlantic ocean (18) .
Daily intake of radioactivities and committed effective dose
Irrespective of natural or anthropogenic origin, radionuclides pathway to human is majorly via food chain. The degree of hazards pose by these radionuclides to human depends largely on the type of radionuclides and the duration of exposure. Using some relevant statistical data such as the annual fish landing of 1 103 311 tonnes (1 tonne ¼ 1000 kg) in Malaysia for 2012 (9) , the total adult population of 21.007846 million (15 years of age and above) in the country (19) and the dose conversion factors taken from the ICRP report (20) , the daily intake and committed dose via ingestion of radionuclides by consumption of marine animals were estimated following the relation given in Ref. (7) . As shown in Table 1 (21) , discarding any significant radiological risks.
CONCLUSION
Owing to their importance in the daily diet of Malaysian population, concentration of naturally occurring radioactive materials in the widely consumed marine animals collected from the coastal waters around Peninsular Malaysia has been determined. The contemporary levels of radioactive materials in the studied marine animals can be considered as low. Committed effective dose due to the consumption of marine animals was estimated to obtain the radiation risks to the populace, and then compared with the world average. This study indicates that the radionuclides intake from the consumption of marine animals collected from the surrounding coastal waters of Peninsular Malaysia yet poses no threat to public health.
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